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INTRODUCTION 
To e x p l o i t  f u l l y  the use o f  composites i n  a i r c r a f t  s t ruc tu ra l  compone~ts 
(e.g., wings and fuselages) requires a thorough understanding of the unique 
f a i l u r e  mechanisms o f  these materials.  An example of such a mechanism i s  i n -  
plane f i  ber-matri x shearing recent ly  i d e n t i f i e d  i n  compression-1 oaded +45O- 
dominated graphite-epoxy lami nates w i t h  a c i  r c u l a r  hole ( re f .  1). The opaque 
property o f  graphite-epoxy laminates prevents d i r e c t  observation o f  the mechan- 
isms involved i n  the i n i t i a t i o n  and propagation o f  damage. Although des t ruc t ive  
f a i l u r e  assessment methods such as the deply technique ( re f .  2)  are avai lable, 
the sequence o f  f a i l u r e  w i t h i n  the laminate i s  d i f f i c u l t  t o  determine 1 slr lg these 
methods. An i n s i t u  nondestructive technique i s  needed t o  observe f a i l u r e  as i t  
develops and as i t  propagates w i t h i n  the  laminate. One ava i lab le  technique i s  
based on the  use o f  a transparent f i bergl ass-epoxy composite b i  r e f  r i  ngent materi a1 
( re f .  3). This mater ial  was selected f o r  the present study because both the  
b i  r e f  r i  ngency and transparency proper t ies o f  the f i bergl ass-epoxy materi  a1 can 
be used t o  i den t i f y  a cha rac te r i s t i c  f a i l u r e  mode f o r  a p a r t i c u l a r  composite 
laminate. The fi lerglass-epoxy laminate i s  dsed t o  study a f a i l u r e  mode which 
i s  a1 so cha rac te r i s t i c  o f  a s im i l a r  graphi te-epoxy laminate. The b i  r e f r i  ngency 
property allows the laminate st ress d i s t r i b u t i o n  t o  be observed during the  t e s t  
and a lso a f te r  the t e s t  if permanent res idual  stresses occur. The transparency 
property allows v isual  observation of the loca t ion  o f  i n i  t i  a1 1 ami nate fa i  1 ure 
and o f  the subsequent f a i l u r e  propagation. 
SPECIMENS AND TESTS 
Two [+454/-454 12, f i  berglass-epoxy specimens w i t h  a  s ing le ,  cen t ra l  ly- 
located c i r c u l a r  ho le  were tested. The specimens were f ab r i ca ted  from comner- 
c i a l l y  ava i l ab le  J. P. Stevens and Co. S t y l e  37331 g lass c l o t h  w i t h  S-1901 
f i n i s h  preimpregnated w i t h  Marb le t te  Corp. Maraset 658/5581 epoxy res in .  Speci - 
mens were nominal ly 6.0 in .  long, 3.0 in .  wide, and 0.11 in .  t h i ck ,  and t he  ho le  
diameters were 0.19 in .  and 0.50 in .  (hole-diameter- to-plate-width r a t i o  o f  0.06 
and 0.17, respec t i ve ly ) .  The specimens were t es ted  by s low ly  apply ing a compres- 
s i v e  end-load t o  s imulate a s t a t i c  loading condi t ion.  The specimen ends were 
machined f l a t  and para1 l e l  t o  permi t  un i form compressive loading. TP - loaded 
edges o f  each specimen were clamped by f i x t u r e s  dur ing  t es t i ng ,  and t he  unloaded 
edges were simply-supported by knife-edge r e s t r a i n t s  t o  p r e v e ~ t  t h e  specimen from 
buck l ing  as a wide column. A t y p i c a l  specimen being loaded i n  t he  t e s t  f i x t u r e  
and being i l l um ina ted  w i t h  po la r i zed  l i g h t  i s  shown i n  f i g u r e  1. The p o l a r i z e r  
dnd analyzer are o r ien ted  a t  +450 and -450, respec t i ve ly ,  t o  t he  load axis.  
RESULTS AND DISCUSSION 
Experimental r e s u l t s  presented i n  f i gu res  2 and 3 i l l u s t r a t e  t he  value o f  
t he  b i  r e f r i  ngent mater i  a1 f o r  observing f a i  1  u re  of composite specimens. The 
specimens shown i n  f i g u r e  2 were loaded and then unloaded. When these unloaded 
specimens are i 1 luminated w i t h  po la r i zed  1 i gh t ,  t he  isochromatic f r i n g e  pa t t e rns  
on t he  specinlens i n d i c a t e  t h a t  p l a s t i c  deformation has occurred. The p a t t e r n  on 
t he  specimen i n  f i g u r e  2a i nd i ca tes  t h a t  h igh  stresses e x i s t  i n  bands o r i en ted  
a t  '450 t o  the load axis.  Using t he  t ransformat ior  o f  s t resses f o r  t h i s  
l ~ d e n t i f i c a t i o n  o f  commercial products and companies i n  t h i s  note i s  used t o  
descr ibe adequately the  t e s t  mater i  a1 s. The i d e n t i f i c a t i o n  o f  these commercial 
products does not  c o n s t i t u t e  endorsement, expressed o r  impl ied, of such products 
by the  Nat ional  Aeronautics and Space Admin is t ra t ion.  
u n i a x i a l l y  loaded laminate, t h e  inp lane  shear s t r ess  Ti2 i s  a maximum on 
elements o r ien ted  450 t o  t h e  app l ied  load  which r e s u l t s  i n  h i gh  s t resses i n  
t h e  epoxy ma t r i x  between f i b e r s .  The h i gh  s t resses i n  t h e  bands i n  f i g u r e  2a 
a re  caused by inp lane f i be r -ma t r i x  shear ing i n  these reg ions and a re  i d e n t i f i e d  
as matr ix -shear ing bands i n  t h e  f i gu re .  While t h e  specimen was being loaded, 
these bands i n i t i a t e d  a t  t h e  ho le  boundary and grew toward t he  specimen edges. 
The specimen shown i n  f i g u r e  2b was loaded f u r t h e r  i n t o  t h e  p l a s t i c  range than 
t he  specimen shown i n  f i g u r e  2a. Th is  specimen a l s o  has matr ix -shear ing bands, 
bu t  t h e  isochromat ic f r i n g e s  a re  no t  observed i n  t h e  reg ion  o f  these bands. 
While t h e  specimen was be ing loaded, severe i n t e r n a l  damage occurred w i t h i n  t h e  
bands which d is rup ted  t he  1 i ght  path and destroyed t h e  b i  re f r ingency  proper ty .  
Tne damage was caused by l o c a l  delaminat ion and inp lane  shear ing f a i l u r e  
mechanisms. When t h i s  specimen was i 1 luminated w i t h  wh i t e  l i g h t  ( f i g .  3), t he  
damage i n  t h e  matr ix -shear ing bands i s  i nd i ca ted  by t h e  +450 dark bands. The 
damage i s  most severe a t  t h e  two l oca t i ons  where t h e  ho le  boundary i n t e r s e c t s  
t h e  ho r i zon ta l  c e n t e r l i n e  o f  t h e  specimen, t h e  l o c a t i o n s  where damage i n i t i a t e d .  
Closer inspec t ion  o f  t h e  damaged regions reveals  a f i b e r - k i n k i n g  mechanism t h a t  
occurs a t  t he  boandaries o f  t he  matr ix -shear ing bands. A sketch i l l u s t r a t i n g  
t h i s  f i b e r - k i n k i n g  mechanism i n  t he  hole-boundary reg ion  i s  shown i n  f i g u r e  3. 
The k i n k i n g  r e s u l t s  from a +450 l aye r  p a r t i a l l y  r e s t r a i n i n g  t h e  inp lane  shear ing 
occur r ing  i n  an adjacent -450 l a y e r  o r  v i ce  versz. The f i b e r  k i n k i n g  occurs 
w i thou t  f i b e r  breakage due t o  t h e  f l e x i b i l i t y  i n  t h e  m a t r i x  prov ided by extens ive 
shear f a i  1 ures. 
CONCLUDING REMARKS 
I n  summary, the  b i  r e f  r i  ngency and transparency proper t ies  o f  the  f i  berg1 ass- 
epoxy material  permit regions o f  h igh st ress t o  be located and the mechanisms 
o f  l oca l  f a i l u r e  and o f  f a i l u r e  propagation t o  be i d e n t i f i e d  w i t h i n  the  laminate. 
This fiberglass-epoxy mater ia l  may a lso be useful  f o r  studying s t ress  f i e l d s  and 
f o r  i d e n t i f y i n g  f a i  1 ure i n i t i a t i o n  and propagation mechanisms i n  a wide var ie ty  
o f  composite s t ructures problems. 
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Figure I. Fiberglass-epoxy biref ringent specimen in fixlure 
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